Relationships between the environmentally relevant physical chemical properties of the polychlorinated biphenyls, namely, aqueous solubility, vapor pressure, Henry's law constant, and octanol-water partition coefficient are discussed. Reported experimental data are tabulated and critically reviewed. Recommended values are given for 42 of the 209 congeners; however, procedures are suggested for estimating the properties of the other congeners. Properties of mixtures are not treated.
Introduction
The polychlorinated biphenyls (PCB's) are a group of xenobiotic chemicals first manufactured commercially about 1930 and whkh were widely used as transfonm:::r coolants, dielectric fluids, solvents, and flame retardants until restrictions on their use were.introduced in the early 1970s. 1 Of the approximately 570 000 000 kg sold in the U.S. as of 1975, some 68000 000 kg were estimated to be mobile in the environment and some 130 000 ()()() kg were in landfills or equipment dumps. There are 209 possible chlorinated biphenyls ranging from the three monochlorobiphenyls to dea) Person to whom correspondence should be addressed. @1986bytheU. s. Secretary have been individually synthesized and characterized. The characteristic properties of the PCB's are hydrophobicity or lipophilicity (i.e., large octanol-water partition coefficient and low aqueous solubility), relatively low vapor pressure, .and extreme resistance to chemical reaction. 3 These properties result in persistence in the environment, a tendency to accumulate in biota and in sediments, and the ability to be transported through the atmosphere to regions remote from source discharges. 4 For example, appreciable concentrations are found in the soils, sediments, waters, biota, atmosphere, and precipitation in the Great Lakes Basin. 5 -9 The biological and human health effects of PCB's have been reviewed recently.8
The industrial chemical products are mixtures of numerous congeners separated by distillation into defined boiling ranges. For example, the Aroclors manufactured by Monsanto were marketed in seven grades designated by a four digit number, the first two (usually 12, but in one case 10) designating the carbon number and the last two (e.g., 42) designating the mass percentage of chlorine. The presence of such a large number of congeners renders chemical analysis and reporting very difficult. A common practice has been to report environmental concentration in terms of an Aroelor grade equivalent, but this practice is imprecise because the environmental distribution of congeners differs from the commercial grade distribution.
It is likely that there is differential transport, reaction, and accumulation between congeners. Further, to elucidate the environmental transport and transformations of a mixture requires that the mixture be assigned properties such as a unique solubility or vapor pressure. Such an assignment is fundamentally erroneous because a mixture does not have unique phase eqUilibrium physical chemical properties. The reported measured solubilities or vapor pressures can only be regarded as some average of the properties of the individual PCB congeners.
It has become increasingly accepted that the only rigorous method of addressing the problem of calculating the en-J. Phys. Chern. Ref. Data, Vo •• 15, No.2, 1986 In this study we gather and critically review the available data for PCB congeners and assign selected values where possible. Sufficient data exist for assessing only 42 of the 209 congeners; however, it is hoped that in the future rules or correlation procedures can be developed for estimating the properties of all 209 congeners, at least with sufficient accuracy for the purpose of environmental modeling.
Physical Chemical Property Relationships
The various physical chemical properties of PCB's can be related by a series of thermodynamic equations in terms of basic molecular properties. These relationships have been discussed in detail previously5,lO and will only be summarized here. To describe the behavior of PCB congeners in the environment requires equilibrium partitioning, reaction rate, and transport phenomena information. Here we only consider equilibrium data.
Because PCB's are sparingly soluble in water it can be assumed that the air-water partition coefficient or Henry's law constant H, defined as pic is independent of concentration for a congener. Here p is the PCB partial pressure in equilibrium with an aqueous solution of concentration c.
Applying this relation to a saturated solution of a solid PCB at a defined temperature T gives H equal to Ps I c s , where Ps is the vapor pressure of the pure solid PCB and C s is its solubility·. Applied to a liquid PCB, H equals PLIC L , where PL is the partial pressure of the water-saturated PCB liquid. Since the solubility of water in liquid PCB is expected to be small, PL can be assumed to equal the vapor pressure PL; thus (2.1 ) Prausuitz 12 applied the Clausius-Clapeyron relation to the solid and liquid forms of a pure substance at a temperature T that is below the melting point T M to obtain PLlps = exp[as fus (T MIT -l)IR], (2.2) where as fus is the entropy of fusion. It follows that
(2.
3)
The group Ps IpL or C s I CL is termed the fugacity ratio. The entropy of fusion can be calculated from the experimentally measured enthalpy of fusion as discussed by Miller et al., 13 or estimated from Walden's rule as reviewed by Yalkowsky l4 as 56.5 J/mol K, thus AS fUslR is 6.79. Thedimensionless air-water partition coefficient H' is given as 15 H'=HIRT.
(2.4)
The other important partition property is the octanolwater partition coefficient K ow :
Kow =cowlc wo , (2.5) where cow is the concentration of the solute in octanol saturated with water and cwo is the concentration of the solute in water saturated with octanol, these concentrations being in equilibrium.
There has been considerable interest in the relationship between the aqueous solubility and octanol-water partition coefficient. 13, [16] [17] [18] [19] Mackay et al. 16 and Banetjee et al. 17 have suggested that the product Q of K ow and the subcooled liquid solubility C L is relatively constant. More recently, based on the measurement of CL and K ow of a wide range of PCB congeners by Miller et al., 13 it has been observed that the product Q varies as a function of molar volume v (cm 3 /mol) approximately as follows 20 :
Since K ow is the ratio cow I cwo [Eq. (2.16) ] and cwo is approximately equal to the subcooled liquid solubility in water C L , then Q is approximately equal to cow or the saturation subcooled liquid solubility of PCB in octanol. Since both PCB and octanol are organic in nature it is likely that this solubility is fairly constant. In reality it should be termed a "pseudosolubility" because the two substances may be miscible.
We use these thermodynamic relationships as constraints or guides when interpreting the reported experimental data, and when selecting recommended values.
Physical Chemical Properties
The literature data are reported here in a series of tables as follows. Table 2 lists the congeners by their chemical name and isomer number following the Ballschmiter and Ze1l 21 system. In subsequent tables, only the number is given. Biphenyl is assigned number zero. This facilitates comparisons with other tabulations such as that of Mullin et al. 22 Also given in Table 2 are chlorine number, molecular mass, melting point, 3 normal boiling point,23 entropy of fusion,13 fugacity ratio calculated from Eq. (2.2), and the molecular descriptors of molar volume. at the normal boiling point calculated by the LaBas method,24 and total molecular surface areas reported by Mackay et al. 25 The reported entropies of fusion M rm, range from 41.0 to 69.5 J/mol K, with an average of 56.J/mol Kandshowno systematic variation with chlorine number. It is suspected that some of the reported as fus values may be in error, thus to avoid possibly biasing the data for which values are reported, and in the interest of simplicity, a single value of56.5 J/mol K (as suggested by Walden's rule) was used to calculate the fugacity value of all congeners. Few congener boiling points are reported, but for illustrative purposes some calculated values are given in Table 2 using the method of Mackay et al. 26 These values should be regarded as merely estimates, but they are consistent with the reponed Aroclor mixture distillation ranges. Table 3 gives reported experimental aqueous solubilities for the congeners and calculated subcooled liquid solubilities using the fugacity ratios. In Table 2 solubilities are normally reported in units of mg/L or the equivalent glm 3 , but for comparison between congeners, use of the amount-ofsubstance solubility c expressed in mol/m 3 , is preferable. The solid solubility is a function of molecular size and melting point, but the subcooled liquid solubility is a function only of molecular size; thus the appropriate solubility for comparison is that of the subcooled liquid C L • In each case a In some cases information from other tables and other structurally similar congeners influenced the choice of the selected value of its error range. Figure 1 is a plot of log CL versus chlorine number. Table 4 gives reported experimental values for octanolwater partition coefficient and selected values with estimated error range. The method of experimental determination is also indicated. The product Q of K ow and CL is also given. As discussed earlier Q can be regarded as a pseudosolubility in octanol. It is expected that Q should vary systematically with chlorine number; thus when an outlying value was obtained from the selected C L and K ow, both were re-examined, and in some cases an adjustment to either or both was made, or the error limits were increased. The trend in log K ow with chlorine number is illustrated in Fig. 2 . Table 5 gives vapor pressure and Henry's law constant data in similar format to Tables 3 and 4. The selected values of CL' and PL and H reported in Tables 3 and 5 are in each case consistent, i.e., His equated toPLlc L or toPslc s . Forcing this consistency influenced the choice of the values of solubility, vapor pressure, and H. Figure 3 is a plot OflOgPL versus chlorine number.
Complete C s , CL , K ow, Ps ,PL , and H data are reported for 26 congeners, including biphenyl; and Cs' C L , and K ow data are reported for another 16 congeners in Table 6 .
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The data displays two striking features. First, the Henry's law constants principally lie in the range of 20 to 100 Fig. 4 . Some congeners shown in Table 6 have outlyin2 H values, notably Nos. 18, 77, 86, 155, and 171 . It is not known if this is a real effect or ifthere is error in the measurements. It is suggested that these values be used with caution.
Simple approximate correlations for mean isomer values of CL' PL' and K ow as a function of chlorine number can thus be proposed, but it must bt: cmphu)ib-td tlwi \hrTr It. evidence for variation in all three quantitic)' It/; il IHHdhHl of chlorine configuration for a given set of IIjoJllrn" Thl:'i VHf!, ation is rarely more than a factor of 3 from tilt: mr.llJ) J~injtl{'1 value. It is thus possible for a trichlorobiphcnyl to bln'I' JI lower solubility CL than a tetrachlorobiphenyl, hut huch cases are exceptional. The correlations with chlorine number N, which are also shown as lines in Figs. 1-4 (3.1) has units ofmollm 3 . These correlations should be used only to give approximate values of the PCB properties. They could also be used to estimate the properties of PCB mixtures if ideality (Raoult's law) is assumed to apply.
The use of chlorine number as a molecular descriptor is the simplest available correlating technique. It is likely that molecular volume and surface area are better descriptors and that it may be possible to correlate the different solubilities and octanol-water partition coefficients of isomers by the:>e descriptor:>. At this stage the data available arc insufficient to permit such more detailed analyses.
Recently Burkhard et al. 70 • 71 have calculated the vapor pressure, aqueous solubility, and Henry's law constants for all 209 congeners from some experimental data for PCB's.13,64-67 Since these were computer generated results rather than experimentally determined values, they were not im;lucled ill this clis\,;ussioll; however, that compilation is an additional valuable source of estimated PCB properties.
Finally, it should be noted that there are few data for the higher chlorine number congeners, there are considerable discrepancies between reported values, and accurate measurements require exceptional care. It is conceivable that a consistent bias exists in the available measurements. The selected values presented here should be used with appropriate caution. pressure, Pa solid vapor pressure, Pa subcooled liquid vapor pressure, Pa product of CL and K ow or pseudosolubility in octanol gas constant, 8.314 J/mol K entropy of fusion, J/mol K aqueous solubility, g/m3 system temperature, K normal melting point, K molar volume, m 3 /mol or cm 3 /mol
